A novel core-shell-type electrorheological (ER) composite material was fabricated via using polyaniline as an insulating layer to the outer surface of the core conductive metal-organic framework (MIL-125) with controlled size and morphology. MIL-125 was firstly synthesized by a solvothermal method, and then polyaniline was synthesized in a polar solvent and a tight coating was successfully achieved to form a MIL-125@PANI core-shell nanocomposite. This core-shell structure greatly enhances the polarization ability of dispersed particles, thereby improving their rheological properties. The morphology of pure MIL-125 and MIL-125@PANI has been characterized by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Their structure was characterized by X-ray powder diffraction.
Introduction
Intelligent uids are currently receiving widespread attention and they can respond to various environmental stimuli such as temperature, pH, stress, external magnetic or electric eld. [1] [2] [3] As a typical smart material, electrorheological (ER) uid is a general term for a class of liquids, which is prepared by dispersing polarizable particles into an insulating medium uid such as mineral or silicone oil. 4, 5 The shear stress of the so-called ER liquid increases signicantly with the increase of the electric eld strength. When the external electric eld increases to a certain value, the rheological properties of the ER uid will be changed. [6] [7] [8] This changed process is very fast, usually within a few milliseconds, and the conversion process is reversible. This means that the rheological properties of the ER uids vary with the external applied electric eld. When the electric eld is applied, the solid particles in the ER uid will form a chain or columnar structure along the direction of the electric eld, causing the ER uid to change from liquid to solid-like. In this case, its rheological properties will be greatly improved, including shear stress, yield stress and storage/loss modulus, [9] [10] [11] [12] etc. ER uids have great application prospects in many elds, including brake/clutch, engine mounts, dampers, and medical haptic devices. [13] [14] [15] At present, the research on ER uids mainly focuses on dispersed phase particles, which generally have a high dielectric constant and/or appropriate conductivity. The dispersed phase particles can be made of inorganic materials, organic polymer materials, and composite materials, etc. [16] [17] [18] [19] Among them, composite materials generally consist of a core conductive layer and an insulating layer. The core conductive layer can make the particles rapidly polarize under the action of an electric eld and can control the density and shape of the particles. The outermost insulating layer is mainly used to reduce the conductivity, protect the polarization charge does not spread, and control the electrostatic interaction between the particles. [20] [21] [22] In this way, the rheological properties can be improved.
Metal-organic framework (MOF) materials are periodic porous materials formed by self-assembly of transition metal ions and organic ligands. They are affected in many elds due to their high porosity, low density, and large specic surface area. 23, 24 The size and shape of the MOF particles has an important effect on its function. From previous report, the amount of surfactant CTAB can control the morphology of the coordination polymer [Cu 3 (BTC) 2 ], and even reduce the particle size to the nanoscale. 24 However, MOF is not suitable for the direct using as the dispersed phase of ER material. Because MOF has a large conductivity and it is easy to short-circuit or breakdown due to excessive leakage current density under the application of an external electric eld. [25] [26] [27] In these cases, it may be used as the core conductive layer and compound with an insulating polyaniline on its surface to form an excellent dispersion of ER uid. We can achieve step-less regulation by preparing such an ER uid as a shock absorber, and can effectively prevent resonance. At the same time, when driving on different roads, this kind of electro-variable shock absorber can intelligently and effectively change the shock absorption to adapt to different situations, and this effect is better than the effect of the spring shock absorber.
In this work, we prepared a coordination polymer Ti 8 O 8 (OH) 4 (BDC) 6 (MIL-125, a form of the as-called Ti-incorporated MOF) by solvothermal method. 28 MIL-125 is a photosensitive material with three-dimensional pore structure self-assembled from an octameric ring of Ti-O octahedron and phthalic acid. 29 Polyaniline (PANI) is one of the most well-known conductive polymers and it has been widely investigated because of its great advantages, for example, ease of synthesis, low cost, good chemical stability, sensitive response to an electric eld, and reversible doping-dedoping process to control the conductivity. [30] [31] [32] Then, an outer-layer of polyaniline is compounded on the surface of MIL-125 in a polar solvent (Dimethylformamide, DMF) to form a new composite material: MIL-125@PANI nanocomposite. It has various advantages of the MOF structure and its stability is improved. The conductivity of MIL-125@PANI is greatly reduced due to its combination of a layer of polyaniline. The composite material of this structure has strong polarization ability and its rheological property is improved greatly. The core/shell MIL-125@PANI particles were dispersed in silicone oil to prepare the ER uid and their rheological properties were measured at electric eld strengths ranging from 0 kV mm À1 to 3 kV mm À1 . We can see that its ER performance has been signicantly improved.
Experimental section

Materials
Dimethylformamide (DMF, Laiyang Fine Chemical Factory, China), anhydrous methanol (CH 4 O, Tianjin Fuyu Fine Chemical Co. Ltd., Tianjin, China), acetic acid (CH 3 COOH, Tianjin Ruijinte Co., Ltd., Tianjin, China), titanium tetrabutoxide (TBT, Beijing Chemicals, Beijing, China), cetyltrimethyl ammonium bromide (CTAB, Tianjin Bodi Chemical Co. Ltd., China), 1,4-benzenedicarboxylic acid (BDC, Sinopharm Chemical Reagent Corporation, Shanghai, China), aniline monomer (Laiyang Fine Chemical Factory, China), ammonium persulfate (APS, $98.0% purity, Beijing Chemicals, China) and silicone oil (polydimethylsiloxane, viscosity: 500 cSt, dielectric constant: 2.63-2.73, density r: 0.973 g cm À3 , Tian Jin Damao limited company, Tianjin, China) were purchased. All materials were used without any treatment.
The synthesis of MIL-125
MIL-125 is synthesized by a solvothermal method. Firstly, 5 g BDC and 1 g CTAB were added to a mixture of 100 mL DMF and 15 mL anhydrous methanol, and fully stirred until the mixture was completely dissolved. Subsequently, 5 mL acetic acid was added to the above-solution, which is aimed to prevent the hydrolysis of titanium precursor. Aer stirring for 10 minutes, 3 mL TBT was added to the above-solution and keep stirring for 30 minutes. Finally, the as-obtained solution was transferred into the autoclave and then reacted under 150 C for 24 hours. Aer cooling down, the resulting white product was washed with DMF and anhydrous methanol for several times. The nal product was dried in an oven at 65 C for 12 h.
The synthesis of MIL-125@PANI nanocomposite
The obtained white MIL-125 solid was dispersed into 100 mL DMF solution, and then 2 mL aniline monomer was added into above solution and stirred continually for 3 h under ice bath. Aer that, 2 g APS was dissolved in a mixture solution of 50 mL DMF and 0.5 mL water. Then, the APS solution was slowly added to the aniline mixture solution and stirred for 30 minutes under ice bath. The resultant solution was centrifuged and washed with ethanol and water to remove the un-reacted aniline monomer. Finally, the MIL-125@PANI particles were dried at 70 C in a vacuum oven for 12 h.
The synthesis of ER uids
The 10 wt% ER uids were fabricated by dispersing the asobtained MIL-125@PANI in silicone oil.
Characterization
The morphology of the fabricated MIL-125@PANI nanocomposite particles were observed by using a eld emission scanning electron microscopy (FESEM, JEOL JSM-6700 F) with an accelerating voltage of 20 kV. TEM images were investigated on a JEOL-2100 high-resolution transmission electron microscopes (Hitachi, Ltd., Tokyo, Japan) operating at 200 kV. For the TEM investigation, small amounts of as-obtained sample dispersed in ethanol was performed an ultrasonic treatment for about 5 min and then be dropped onto a copper grid covered by a carbon lm. Its structure was analyzed via a powder X-ray diffraction (XRD, Rigaku D/MAX-2500/PC) equipped with a rotating anode and a Cu Ka radiation source (l ¼ 1.5406Å), within the range of 2 theta from 4 to 80 . All studies were taken by using the same condition as follow: a scanning rate 5 min À1 , a generator voltage of 40 kV and a current of 100 mA.
The rheological properties of pure MIL-125-based and MIL-125@PANI-based ER uids were, respectively, studied by a rotational rheometer (HAAKE Rheo Stress 6000, Thermo Scientic, Germany) with a parallel plate system (PPER35, the gap between plates was 1.0 mm), and WYZ-020 DC high-voltage generator (voltage: 0-5 kV, current: 0-1 mA), and a temperature controller. The steady ow curves of shear stress-shear rate were measured by the controlled shear rate (CSR) mode within 0.1-500 s À1 at room temperature. Before every measurement, the ER suspensions will be pre-sheared for 60 s at 300 s À1 and then electric elds were applied. The so-called yield stress can be approximately obtained with the maximum shear stress values at the low shear rate region. In addition, the dielectric properties of the MIL-125-based and MIL-125@PANI-based ER uid were detected by using a Novolcontrol broad-band dielectric spectroscopy equipment (Novolcontrol Concept 40, Germany). All experiments were carefully performed at 25 C.
Results and discussion
We have studied a series of synthetic methods for MIL-125@PANI core-shell microspheres, as described in Scheme 1. It is synthesized mainly through a two-step process: (1) the core MOF material was synthesized by solvothermal method; (2) control monomer bonding at the interface is occured and then a coating PANI layer was formed via an in situ chemical oxidation polymerization. When aniline monomer is added to MIL-125 solution, p-electrons of aromatic systems in the MIL-125 and aniline monomer certainly were combined through p-p* stacking, resulting in a non-covalent functionalization of core particles. 33 In addition, the structure of MOF tends to be round, which provides a core for the growth of polyaniline and facilitates the tight connection between materials.
The external morphology of MIL-125 and MIL-125@PANI particles was observed by SEM technique. As shown in Fig. 1(a) and (b), the shape of as-obtained MIL-125 particle is approximately a spherical morphology with an average size of about 200-300 nm. And it has a smooth surface and monodispersed size. In particular, CTAB has recently been used to synthesize MOF particles and it can adjust the morphology and size of the particles. 33, 34 It can be seen from Fig. 1 (c) and (d) that the morphology of the MIL-125@PANI nanocomposite particles is basically the same as that of the pure MIL-125, but the average size of the MIL-125@PANI nanocomposite particles also increases slightly, which indicates that polyaniline was successfully coated on the outer surface of the MOF structure in a polar solvent.
Core/shell structured MIL-125@PANI particles can be clearly conrmed by TEM images in Fig. 2 . From these TEM images, we can see that the core-shell structure is very clear, the synthesized PANI layer surrounding the MIL-125 core. The sizes of MIL-125@PANI particles depicted in the TEM micrographs are monodispersed, which is consistent with the results observed in the SEM images. The thickness of outer polyaniline layer is about 70-90 nm, which greatly improves the stability and rheological properties of the MOF structure.
The XRD patterns of pure MIL-125 and MIL-125@PANI are shown in Fig. 3 , respectively. As displayed in Fig. 3 , the XRD pattern of pure MIL-125 corresponds well with the previous report about MIL-125. By comparing the characteristic peaks of XRD, we can see that the characteristic peak of MIL-125@PANI is basically the same as that of MIL-125. We believe that the crystal structure of the composites does not change, and the metal-organic framework structure remains good. The metalorganic framework greatly enhances its polarization ability due to its unique structure, which greatly enhances its rheological properties. However, the intensity of the characteristic peaks is reduced aer the formation of MIL-125@PANI particles, which can prove that PANI is successfully coated on the MIL-125 to some extent.
The conductivity has a crucial inuence on its rheological properties. Normally, the suitable range of electrical conductivity of the ER material is 10 À8 to 10 À10 S cm À1 , and adjusting the conductivity to this range is benecial to enhance its ER activity. 35 In addition, in previous reports, Block et al. proposed that the ER uid exhibiting the best ER effect has an electrical conductivity of about 10 À9 S cm À1 , because the strength of interfacial polarization, in this case, can reach a maximum value. 35 We can calculate the conductivity of the ER suspensions by the formula s ¼ j/E, where j is the current density through ER suspension, E is the applied electric eld strength. Thus, the conductivity of the MIL-125@PANI particles could be studied by the following conductivity equation: [36] [37] [38] 
where s is the conductivity of the MIL-125@PANI-based ER uid, s f is the conductivity of pure silicone oil, s p is the conductivity of MIL-125@PANI particles, and 4 is the volume fraction of MIL-125@PANI particles in the ER uid.
The conductivity of pure MIL-125 and MIL-125@PANI ER suspensions are shown in Table 1 . The conductivity of MIL-125@PANI maintained within the range of 10 À10 to 10 À8 S cm À1 and it is good for enhancing ER effect. But the pure MIL-125-based ER uid possess a high conductivity and shown a break down behavior under E ¼ 2.5 kV mm À1 . These results verify that the outer polyaniline reduces its conductivity and enhances ER behavior.
The ER characteristics of the MIL-125 and MIL-125@PANI ER suspensions were analyzed in a controlled shear rate (CSR) mode, and it can show the effect of an applied electric eld on the ow behavior of ER uid. The shear rate ranges from 0.1 s À1 to 500 s À1 and the electric eld gradually increases from 0 kV mm À1 to 3.0 kV mm À1 . The curves of shear stress as a function of the shear rate under different applied electric eld are shown in the Fig. 4(a) and (b). When no applied external electric eld is occured, the ow characteristics of the ER uids are the same as those of Newtonian uid-like behavior, which shear stress increases linearly with increasing shear rate and the slope approaches 1. 39 However, when an electric eld is applied, the ER uids begin to transform toward a "elastic solid", and the shear stress increases as the electric eld strength increases, which presents the performance of Bingham uid-like behavior. [40] [41] [42] [43] [44] Because of the formation of the chain-like structure between the dispersed MIL-125@PANI particles, ER uids exhibited a strong ow resistance. As we can see in Fig. 4(a) , as-prepared MIL-125@PANI particles have shown good ER behaviors, a longer plateau region was detected and the shear stress of it can reach more than 200 Pa. We can see that the applied electric eld of the pure MIL-125 ER uid can only reach 2 kV, and continue to increase the voltage will be occurred breakdown ( Fig. 4(b) ).
As we all know, the properties of ER uids are mainly due to the chain-like structure or column-like structure formed between the dispersed particles along the direction of electric eld. Under the condition of shear ow, the chain-like structure undergoes a process of continuous destruction and recombination. As shown in Fig. 4(a) , when the shear rate was low, the shear stress shows a wider plateau region under the application of the electric eld. In this process, the chain structure exhibits a dynamic equilibrium between recombination and destruction under the action of electric eld strength and shear forces. This is the common feature of the ER uids. As the electric eld strength increases, the electrostatic interaction between the dispersed phase particles increases, resulting in the improvement of the yield stress of the MIL-125@PANI-based ER suspension, which resist the hydrodynamic force. However, when the shear rate is increased to a certain extent, the as-called hydrodynamic force becomes dominant because the destruction rate is faster than the recombination rate, which may result a called pseudo-Newtonian uid behavior. In addition, Fig. 4(c) and (d) shows the relationship between the shear viscosity and the shear rate of the pure MIL-125 and MIL-125@PANI ER uid. It was found that the shear viscosity of the pure MIL-125 and MIL-125@PANI ER uids decrease with the increase of the shear rate, whether the electric eld is applied or not, which is called a phenomenon of shear thinning behavior. Moreover, at low shear rate, the shear viscosity of pure MIL-125 and MIL-125@PANI ER uids increase with the increase of electric eld strength. Therefore, the viscosity of MIL-125@PANI-based ER uid is varied obviously than that of pure MIL-125 ER uid, and the shear viscosity increases greatly aer the electric eld is applied, which indicates that ER uid has a great application prospect in practice.
Furthermore, we usually use ER efficiency to express the performance of ER uids, 45 as described as follows:
where the s 0 is indicated as the shear stress without the electric eld and the s E is the shear stress with various electric eld. Through the data in Fig. 4(a) , we can calculate that the ER efficiency of above-mentioned MIL-125@PANI-based ER uid is 70.86 under the condition of 0.1 s À1 shear rate and E ¼ 3 kV cm À1 . The Bingham uid model is usually used to detect the ow curve of ER uids, which is generally presented as follows:
where s and s 0 represent the shear stress and yield stress, respectively. _ g depict the shear rate, and h is used to describe the shear viscosity. The dynamic yield stress can be calculated by deducing the shear rate to a zero limit. However, the unusual decreasing trend of shear stress-shear rate curves is oen occurred, appearing in the Fig. 4(a) . Therefore, a called Cho-Choi-Jhon (CCJ) model with six parameters 46 accurately described the best t of shear stress behavior of the MIL-125@PANI-based ER uid over the entire range of shear rate under electric eld. The equation is shown as below: Table 2 The optimal parameters in the CCJ model equation obtained from the flow curve shown in Fig. 4a 
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where s 0 is described as the dynamic yield stress; h 1 is used for the shear viscosity at the condition of innite shear rate; t 1 and t 2 represent the time constants, which can be used to depict the variation in the shear stress; the exponent a and b represent the decrease in shear stress at the low shear rate and the increase in shear stress at high shear rate, respectively, and the b has a value range of 0 to 1. 47 Obviously, the CCJ model can better t the ow curves of MIL-125@PANI-based ER uid especially at a low shear rate. The six obtained optimal parameter values are both listed in Table 2 and 3. In Fig. 4 , a slight reduction occurs rstly at very low shear rates. This probably is due to the time for the application of the electric eld is too short, and the rearrangement and arrangement of the particles are not complete. And this hypothesis can be conrmed by Fig. 7 where intermediate values appear before the plateau. Although it is very fast, it takes a certain amount of time to fully reorganize and arrange into a chain structure. Furthermore, a dynamic oscillation test was carried out to study the visco-elastic behavior of the MIL-125@PANI-based ER uid, as shown in Fig. 5 . The linear viscoelastic region of ER uid was determined by strain amplitude sweep test with a xed angular frequency of 6.28 rad s À1 within an adequate strain range from 10 À3 to 10 2 %. With or without the application of an electric eld, both storage modulus (G 0 ) and loss modulus (G 00 ) show a plateau region as the strain amplitude increases, and G 0 and G 00 begin to decrease until the strain amplitude reaches 1%. And when an electric eld is applied, G 0 and G 00 are increased to higher values, respectively. In this platform area, G 0 is much larger than G 00 , which is the so-called linear viscoelastic area (g LVE ), in which the deformation of structure is reversible. When the strain amplitude exceeds g LVE , both G 0 and G 00 decrease rapidly, and G 00 exceeds G 0 , because the irreversible change of the chain structure occurs in the ER uid, and the chain structure begins to break, resulting in a decrease in the elastic properties of ER uid.
Moreover, the dynamic yield stress of the MIL-125@PANIbased ER uid is shown in Fig. 6 , the drawing is shown by using log-log coordinates. It can be seen that there is a powerlaw exponential relationship between the yield stress and the electric eld intensity according to the results obtained from Table 3 The optimal parameters in the CCJ model equation obtained from the flow curve shown in Fig. 4b Pure MIL-125
where a represents the slope of the line in Fig. 6 , and its value varies in a range from 1.0 to 2.0, depending on the ER materials. When the ER uid is shown a conductivity model, its slope is 1.5. And when the ER uid is displayed a polarization model, its slope is 2. 48, 49 Aer a linear tting calculation, the MIL-125@PANI-based ER uid meets the power-law relationship with an exponent of 1.4, which is very close to the conductivity model. The value of a is related to particle concentration, particle shape, particle composition, temperature and applied electric eld strength, etc. The slope of the straight line is 1.4, which only shows that it is very close to the conductivity model. The on-off effect of MIL-125@PANI-based ER uid is shown in Fig. 7 . At a constant shear rate, the sensitivity and reversibility of the MIL-125@PANI-based ER uid can be observed by periodically turning on and off the applied electric eld. Whenever a stable electric eld is applied, the shear stress of the MIL-125@PANI-based ER uid rapidly increases to a certain value, when the applied electric eld is removed, the ER uid will quickly drop to zero electric eld value. And the whole process of change is very rapid. This indicates that the response of the MIL-125@PANI-based ER uid to the electric eld strength is very sensitive and reversible.
In general, the intensity of ER performance is also related to the dielectric properties of the material, which can affect the rheological properties by enhancing the polarization between the particles. 50 As reported previously, a proper dielectric loss (3 00 ) and a large dielectric constant (3 0 ) can improve the activity of ER uid. 51, 52 The relation between the two components of the dielectric constant and the frequency and the Cole-Cole's plot are shown in Fig. 8 . The Cole-Cole's equation is usually used to analyze the dielectric spectrum, as described below: where 3 0 and 3 00 represent the dielectric constant and dielectric loss, respectively; D3 0 (D3 0 ¼ 3 0 À 3 N ) is the difference in dielectric constant, it can also be used to describe the strength of polarization among particles of ER uid under electric eld. And 3 0 and 3 N is the value of zero frequency and innite frequency, respectively. The exponent 1 À a can indicate the distribution of relaxation time over the entire frequency range. l ¼ 1/2pf max (f max is the frequency at which the dielectric loss peaks) is the relaxation time, which represent the polarizability of the particles under an applied electric eld. By calculation, the value of the relaxation time l of the MIL-125@PANI-based ER uid is 7.76 Â 10 À7 s. The relaxation time of MIL-125@PANI-based ER uid is very short, which indicates that it can respond faster to the reorganization of the chain structure and can offset the shear deformation.
Conclusion
In summary, we successfully synthesized the core-shellstructured MIL-125@PANI nanocomposite in a polar solvent. SEM and TEM images showed that MIL-125@PANI nanocomposite have a well-dened size distribution with uniform coating layer. Moreover, based on various characterizations, we determined that the as-synthesized MIL-125@PANI could be applied as an ER material and the rheological test showed that the suspension consisting of MIL-125@PANI particles exhibits a strong ER effect. The CCJ model was used to predict the unusual shear stress behavior changed with the applied electric eld. A dielectric analysis was performed by measuring the frequency dependence of the dielectric properties for the MIL-125@PANI-based ER uid, which can better explain the relationship between the particle polarizability and ER effect. The dynamic yield stress showed a power law dependence of the electric eld, s y f E 1.4 , which is consistent with a conduction model. This result of our study provides a useful method for future intelligence materials preparation.
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